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Abstract
Mutations in the PKD1 gene are responsible for 85% of cases of autosomal dominant polycystic kidney disease (ADPKD).
This gene encodes a large membrane associated glycoprotein, polycystin-1, which is predicted to contain a number of
extracellular protein motifs, including a C-type lectin domain between amino acids 403^532. We have cloned and expressed
the PKD1 C-type lectin domain, and have demonstrated that it binds carbohydrate matrices in vitro, and that Ca2 is
required for this interaction. This domain also binds to collagens type I, II and IV in vitro. This binding is greatly enhanced
in the presence of Ca2 and can be inhibited by soluble carbohydrates such as 2-deoxyglucose and dextran. These results
suggest that polycystin-1 may be involved in protein^carbohydrate interactions in vivo. The data presented indicate that
there may a direct interaction between the PKD1 gene product and an ubiquitous extracellular matrix (ECM)
protein. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
ADPKD is a genetically heterogeneous disorder
that a¡ects about 1 in 1000 individuals [1]. The ma-
jority of cases (85%) are due to mutations in the
PKD1 gene which is located on chromosome
16p13.3 [2,3]. The PKD1 gene encodes a 460 kDa
membrane-associated glycoprotein, polycystin-1,
which possesses an extracellular region of approxi-
mately 2500 amino acid residues, multiple transmem-
brane domains, and a highly charged 226-residue
cytoplasmic carboxy terminus [2]. Numerous immu-
nohistochemical studies have shown polycystin-1 to
be expressed in a variety of epithelial cell types,
although there is some disagreement as to the precise
location of staining [4^12].
The large extracellular region of polycystin-1 con-
tains several well-de¢ned polypeptide motifs, which
suggests a possible involvement in cell^cell and/or
cell^matrix interactions. These motifs include two
leucine-rich repeats, a low-density lipoprotein-A
(LDL-A) motif, and multiple copies of an Ig-like
PKD1 repeat [2,3]. Analysis of the deduced amino
acid sequence from exons 6 and 7 of the PKD1 gene
shows sequence similarity with C-type lectin domains
[2]. C-type lectin carbohydrate recognition domains
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(CRDs) have been observed to mediate diverse car-
bohydrate-binding events and recognition processes
in other proteins [13]. Sugar binding is dependent on
the presence of Ca2 and the preservation of a com-
mon sequence motif of 14 invariable and 18 highly
conserved amino acids over the 115^130 residues that
make up a single CRD [14]. Comparison of the pri-
mary sequence of the C-type CRD from rat serum
mannose-binding-protein (MBP-A) with the deduced
structure reveals that the conserved residues are crit-
ical for establishing the characteristic CRD fold [15].
In particular, four cysteines are necessary for the
formation of two disulphide bonds; aspartate, aspar-
agine and glutamate residues ligate the bound cati-
ons, and proline and glycine residues facilitate turn
formation.
When the polycystin-1 C-type lectin domain se-
quence was compared with the equivalent domain
from members of the proteoglycan, selectin and en-
docytic receptor families it was apparent that some
residues predicted to be critical for fold establish-
ment did not align in the polycystin-1 sequence [2].
Based on these observations, the present study was
initiated to determine whether the isolated polycys-
tin-1 C-type lectin domain when expressed as a GST-
fusion protein exhibited calcium-dependent carbohy-
drate-binding activity in vitro. Further aims were to
establish whether the fusion-protein could bind the
carbohydrate side-chains of extracellular matrix pro-
teins, and more speci¢cally major components of
basement membranes.
2. Materials and methods
2.1. Materials
Reagents for cell culture were obtained from Sig-
ma, UK. The pGEX-2T expression vector, Bulk Pu-
ri¢cation Module, anti-GST IgG, Sephadex G25 and
Sepharose 4B were from Pharmacia, UK. General
reagents and kits for the construction of the recombi-
nant plasmid were obtained from Promega, UK. The
3A3 cDNA was a kind gift from Dr P.C. Harris
(formerly of Oxford, UK, now at The Mayo Clinic,
USA). Types I, II and IV collagen were obtained
from Sigma, as were all carbohydrates used, with
the exception of dextran T-40, which was from Phar-
macia. The N3 laminin fragments were prepared ac-
cording to the method of Slade et al. [16]. Unless
otherwise stated, other reagents were obtained from
Sigma or BDH Laboratory Supplies, UK.
2.2. Sequence alignment comparison of the
polycystin-1 C-type lectin domain with related
protein domains
The primary sequence of the predicted C-type lec-
tin domain of polycystin-1 was compared with the
primary sequence of the C-type lectin domains of
twelve other carbohydrate-binding proteins, chosen
from the result of a BLAST sequence similarity
search [17]. Sequence alignment was carried out us-
ing the PILEUP program. Both sequence analysis
programs were from the Wisconsin Package Version
9.1, Genetics Computer Group (GCG), Madison, WI
[18].
2.3. Cell culture
HepG2 cells were maintained in minimal essential
Eagle medium supplemented with 10% (v/v) Nu-se-
rum (Collaborative Research, USA), 100 U ml31
penicillin and 100 Wg ml31 streptomycin.
2.4. Construction of recombinant plasmid
Total RNA was isolated from 7U104 HepG2 cells
using RNAzol B (Biogenesis, UK), an adaptation of
the method of Chomczynski and Saachi [19]. A sam-
ple of the RNA was reverse transcribed using ran-
dom hexamers as primers and Moloney murine leu-
kaemia virus (M-MLV) reverse transcriptase (RT)
[20]. Polymerase chain reaction (PCR) ampli¢cation
of the PKD1 cDNA corresponding to nucleotides
1403^1829 of the published sequence (GenBank ac-
cession number L33243) was performed with Taq
polymerase for 20 cycles (95‡C, 1 min 20 s; 55‡C,
1 min; 74‡C, 3 min) using primer pair A/B which
incorporated BamHI (A) and EcoRI (B) restriction
sites (A, sense: CCGGC CGGAT CCGTG CACCC
GCTCT GCCCC; B, antisense: CCTGC ACTGG
AATTC CGGGC TGCAG CTCGC AG). The 426
bp product was puri¢ed using the Wizard PCR preps
DNA Puri¢cation System, cloned into the BamHI
and EcoRI restriction sites in the pGEX2T expres-
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sion vector and transformed into Escherichia coli
strain JM109. Recombinant plasmids containing the
desired construct, termed pGEX-LEC, were identi-
¢ed following extraction and restriction analysis of
the plasmid DNA. The DNA sequence of the cloned
PKD1 C-type lectin domain was veri¢ed by auto-
mated DNA sequencing.
A further recombinant plasmid encoding a GST-
fusion protein of a similar size was generated for
control purposes. This plasmid, termed pGEX-
pep2, incorporated PKD1 nucleotides 12705^13090,
which corresponded to polycystin-1 residues 4167^
4290 and did not therefore encode the PKD1 C-
Type lectin domain. The method used to produce
pGEX-pep2 was identical to the method used for
the production of pGEX-LEC, with the exception
that the 3A3 cDNA template and not randomly gen-
erated RT template was used to generate the PCR
product for cloning. The primer pair C/D was used
for the PCR which incorporated BamHI (C) and
EcoRI (D) restriction sites (C, sense: CCAGG
GGATC CAAGG TATCC CCG; D, antisense:
GGCCC GAATT CGTGT CCTGC TGG).
2.5. Expression and puri¢cation of the recombinant
fusion protein
Cultures of E. coli JM109 cells carrying pGEX-
LEC were grown at 37‡C in 2UYT media containing
ampicillin (100 Wg ml31) to OD600 nm 0.8. Isopropyl-
L-D-thiogalactopyranoside (IPTG; Northumbria Bio-
logicals, UK) was added to a ¢nal concentration of
1 mM. Induction was carried out at 25‡C for 3 h with
constant shaking (220 rpm). The cells were har-
vested, washed once in 50 mM potassium phosphate
(pH 7.2), and then resuspended in 25 mM potassium
phosphate (pH 7.2), supplemented with 5 mM dithio-
threitol (2 ml g31 wet cells). The cells were disrupted
by sonication on ice and Triton X-100 was added to
a ¢nal concentration of 1% (v/v). Cell debris and
unbroken cells were removed by centrifugation at
20 000Ug for 10 min at 4‡C in a bench-top centri-
fuge. Puri¢cation of the GST-fusion protein (termed
GST-PKDlec) was carried out using the Pharmacia
Bulk Puri¢cation Module according to the manufac-
turer’s instructions. Unpuri¢ed and puri¢ed cell ex-
tracts were analysed by sodium dodecyl sulfate^poly-
acrylamide gel electrophoresis (SDS^PAGE) and
Western blotting using commercial anti-GST IgG
as the primary antibody.
The plasmids pGEX-2T and pGEX-pep2 were in-
duced and the resultant recombinant proteins
(termed free GST and GST-pep2, respectively) were
puri¢ed following an identical procedure.
2.6. Carbohydrate a⁄nity chromatography
Pre-swollen unsubstituted Sepharose 4B or Sepha-
dex G25 (50 Wl bed volume) was equilibrated with
0.125 M NaCl, 25 mM Tris^HCl (pH 7.8) containing
25 mM CaCl2 (binding bu¡er). GST-PKDlec (25 Wl,
8 Wg) was mixed with an equal volume of binding
bu¡er and incubated with the matrix for 30 min at
4‡C. The column eluate was collected in a micro-
centrifuge tube, along with a further 100 Wl of ice-
cold binding bu¡er that was passed through the
matrix. The column was then washed three times
with 150 Wl of ice-cold binding bu¡er, with each
wash collected in a separate microcentrifuge tube.
Protein was precipitated from each fraction accord-
ing to the method of Wessel and Flu«gge [21], and
resuspended in 20 Wl of reducing sample bu¡er.
The column matrix was resuspended in 100 Wl of
SDS^PAGE reducing sample bu¡er, boiled for
3 min and centrifuged at 12 000Ug for 30 s. A 50-
Wl sample of the supernatant was transferred to a
fresh tube and, along with the precipitated fractions,
was electrophoresed through a 12.5% polyacrylamide
gel. Following transfer to nitrocellulose membranes
(AmershamPharmacia Biotech, UK) and incubation
with anti-GST IgG (1/2000) and the corresponding
HRP-conjugated secondary antibody (1/2000), the
proteins were visualised by ECL according to the
manufacturer’s instructions (AmershamPharmacia
Biotech). Molecular mass markers (SeeBlue Pre-
Stained Standards, Novex, USA) were used for com-
parison.
In separate experiments the column was washed
(3U150 Wl) with binding bu¡er containing 1.5 M
carbohydrate (¢nal concentration), after applying
GST-PKDlec to the matrix. Alternatively the fusion
protein was incubated with 0.5 M carbohydrate for
15 min at 4‡C prior to application to the column
(and subsequently washed with bu¡er containing car-
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bohydrate). The carbohydrates used for pre-incuba-
tion were 2-deoxy-D-glucose, 2-deoxy-D-galactose,
CH3-K-D-mannopyranoside and dextran T-40. The
molar concentration of dextran T-40 was based on
its glucose content.
Control experiments in which GST-PKDlec was
replaced with equivalent amounts of free GST or
GST-pep2 were also carried out.
2.7. Assessment of calcium-dependency
The experiments detailed in the previous section to
examine the interaction between GST-PKDlec and
Sephadex G25 were repeated under conditions where
the ¢nal concentration of CaCl2 in the binding bu¡er
was reduced from 25 mM to 7 mM and 1 mM. Bind-
ing bu¡er without CaCl2 was also used. Further ex-
periments conducted in the presence of 25 mM CaCl2
examined the e¡ect of including EDTA (50 mM, 20
mM and 10 mM ¢nal concentration) in the column
wash solutions.
2.8. Detection of GST-PKDlec binding to selected
extracellular matrix proteins by enzyme-linked
immunosorbent assay (ELISA)
Types I, II, and IV collagen, along with N3 lam-
inin fragments were diluted with 0.5 M sodium car-
bonate, 0.5 M sodium bicarbonate, pH 9.6 (coating
bu¡er) to 20 Wg ml31. Separate wells of a 96-well
micro-titre plate (Greiner Laboratories, Germany)
were coated with 50 Wl of these solutions overnight
at 4‡C. The wells were washed three times with 200
Wl Tris-bu¡ered saline (TBS; 20 mM Tris^HCl (pH
7.7), 0.9% (w/v) NaCl) containing 25 mM CaCl2
(TBS/CaCl2) prior to blocking with TBS/CaCl2 con-
taining 0.5% (w/v) human albumin for 3 h at 37‡C.
GST-PKDlec fusion protein was added to wells in
pre-prepared 1/2 serial dilutions with a highest con-
centration of 500 ng well31. All dilutions were car-
ried out using binding bu¡er to a ¢nal volume of 50
Wl well31. The plate was incubated for 1.5 h at 4‡C.
Following three further TBS/CaCl2 washes, 50 Wl of
anti-GST IgG diluted 1/1000 with TBS/CaCl2 con-
taining 0.5% human albumin, was incubated with
samples in the wells for 1 h at room temperature.
The washing was repeated as before and 50 Wl of
rabbit anti-goat IgG-HRP (1/1000) was added to
each well and the plate incubated for 1.5 h at room
temperature. Washing was repeated and HRP was
detected by incubating with 2,2P-azino-bis(3-ethyl-
benz-thiazoline-6-sulphonic acid) (ABTS) for 20
min (50 Wl well31). This was dissolved in 100 mM
citric acid, 100 mM Na2HPO4 (pH 4.1), to a ¢nal
concentration of 0.4 mg ml31, with the addition of
6 Wl of hydrogen peroxide per 25 ml bu¡er immedi-
ately prior to use.
The ELISA procedure was repeated using a con-
stant amount of GST-PKDlec (400 ng well31) and
with varying serial dilutions of each collagen type in
the range 20^0.02 Wg ml31. The e¡ect of carbohy-
drate on GST-PKDlec binding to type IV collagen
were also tested by diluting GST-PKDlec with bind-
ing bu¡er containing 0.1 M carbohydrate in solution,
before adding it to the plate. On the basis of prelimi-
nary experiments the following carbohydrates, 2-de-
C
Fig. 1. Alignment of deduced amino acid sequences from the C-type lectin domains of selected proteins involved in carbohydrate rec-
ognition. Sequence identities are as follows: ASGP-REC RAT, asialoglycoprotein receptor 1 from Rattus norvegicus (P02706); ASGP-
REC MS, asialoglycoprotein receptor 1 from Mus musculus (P34927); MACPHG-ASGP-BP, macrophage asialoglycoprotein-binding
protein from R. norvegicus (P4930); MACPHG LEC2, macrophage lectin 2 from Homo sapiens (Q14538); FCER2, low-a⁄nity immu-
noglobulin epsilon fc receptor from M. musculus (P20693); HIV GP120, HIV gp120-binding C-type lectin from H. sapiens (A46274);
BRA-3, lectin Bra-3 from Megabalanus rosa (Q25459); CART-AGG-PROTGL, cartilage aggregating proteoglycan (fragment) from
Sus scrofa (Q95244); MACPHG-MAN-REC, macrophage mannose receptor from H. sapiens (P22897); MBP A, mannose-binding
protein A from Rattus rattus (2MSB); INCILARIN B, incilarin B from Incilaria frushstorferi (O02582); POLYCYSTIN-1, polycystin-
1 from H. sapiens (L33243). The 14 C-type lectin invariant residues are shown as a consensus below the sequences [15]. Identical resi-
dues that align in all sequences are coloured black. Residues that align in six or more sequences are coloured grey. (#) indicates iden-
tical residues that align in at least nine sequences, including that of polycystin-1. (*) indicates identical residues that align in at least
nine sequences, but not polycystin-1. Residues thought to be important in determining carbohydrate-binding speci¢city are shown be-
neath the consensus; Galactose-high, high a⁄nity for galactose; Galactose-low, low a⁄nity for galactose; Mannose, mannose a⁄nity
[23]. Position of the C-type lectin domain, relative to whole protein, is indicated by the number at the end of the sequences.
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oxy-D-galactose, 2-deoxy-D-glucose, CH3-K-manno-
pyranoside and dextran T-40 (40 000 Mr range),
were chosen. Finally, the dependence upon calcium
of the interaction between GST-PKDlec with types I,
II and IV collagen, and N3 laminin fragments, was
examined by carrying out the ELISA in the presence
and absence of 25 mM CaCl2.
Appropriate controls were undertaken. All experi-
ments were repeated three times.
3. Results
3.1. Comparison of the primary sequence from the
C-type lectin domain of polycystin-1 and other
proteins known to be involved in carbohydrate
recognition
A comparison of the primary sequences of the
C-type lectin CRD from polycystin-1 and eleven pro-
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teins known to be involved in carbohydrate recogni-
tion is shown in Fig. 1. Shown below the sequences
are the 14 invariant residues important for fold for-
mation in C-type lectin domains [15]. Based on this
alignment (with the inclusion of a small number of
gaps), 11 of the 14 invariant residues appear at the
correct position in the polycystin-1 sequence. These
include the four cysteines involved in the formation
of two disulphide bonds (positions C436, C508, C522
and C530 in polycystin-1; [2]), the three glycine resi-
dues (G470, G485, G515) and single proline residue
(P500) important for the formation of turns. The res-
idues that coordinate Ca2 at site 2 in MBP A are
known to be glutamine, asparagine and aspartic acid
residues, namely G185, N187, G193, N205 and D206 [22].
MBP A residues G185, G193 and N205 directly align
with identical residues in polycystin-1. MBP A resi-
due D206 aligns with T519 of polycystin-1 and MBP A
residue N187 with H501 in polycystin-1. With respect
to MBP A it would thus appear that there is a partial
but not complete conservation of the residues that
interact with Ca2 at site 2 in polycystin-1. Residues
on either side of the proline at the centre of the
carbohydrate binding site (polycystin-1, 500) are
also known to confer carbohydrate binding speci¢c-
ity and are indicated in Fig. 1 [23]. There was poor
similarity in this region between the polycystin-1 se-
quence and members of both the mannose-type MBP
family and the galactose-type asialoglycoprotein
(ASGP) family. Sequence analysis of this nature
does not therefore give any indication of the specif-
icity of carbohydrate binding for the C-type lectin
CRD in polycystin-1.
3.2. The generation of a GST-fusion protein
corresponding to the polycystin-1 C-type lectin
domain
In order to determine whether the polycystin-1
C-type lectin CRD had biological activity in vitro
the region of PKD1 mRNA encoding the C-type lec-
tin domain (nucleotides 1403^1829; accession num-
ber L33243) was ampli¢ed by RT^PCR, and cloned
into the pGEX-2T expression vector. Automated se-
quencing of the DNA insert followed by analysis
with the BLAST program [17] showed that the se-
quence obtained corresponded to the expected region
of PKD1 mRNA and that the coding sequence of the
insert was in-frame with the GST sequence.
Optimal conditions for production of soluble
GST-fusion protein (GST-PKDlec) were 50 ml cul-
tures induced with 1 mM IPTG, for 3 h at 25‡C.
Western blotting showed that anti-GST IgG
(1/2000) detected the 46 kDa protein in puri¢ed sam-
ples from induced E. coli JM109 carrying pGEX-
LEC, providing evidence that this band corre-
sponded to GST-PKDlec (Fig. 2A, lane 1). A poly-
cystin-1 GST-fusion protein of a similar size to GST-
PKDlec (GST-pep2, polycystin-1 residues 4167^
4290) which did not have a lectin domain was used
for control purposes, as was free GST. Detection of
the 29 kDa free GST protein and the 44 kDa GST-
pep2 with anti-GST IgG can be seen in Fig. 2A,
lanes 2 and 3, respectively. In addition, Fig. 2B
shows that GST-pep2 was detected with immuno-
puri¢ed anti-peptide 2 serum (polycystin-1 residues
4245^4264) [11] thereby con¢rming that this fusion
Fig. 2. Analysis of the expression of puri¢ed GST-PKDlec by Western blotting. (A) Soluble cell extracts (5 Wg) were subjected to elec-
trophoresis through 15% polyacrylamide prior to protein transfer to Hybond C extra membrane (Amersham Life Sciences, UK). The
blot was probed with anti-GST IgG (1/2000). Lane 1, a⁄nity-puri¢ed pGEX-LEC cell extract; lane 2, a⁄nity-puri¢ed pGEX-2T cell
extract; lane 3, a⁄nity-puri¢ed pGEX-PEP2 cell extract. A composite image is shown. (B) A⁄nity-puri¢ed pGEX-PEP2 cell extract
(10 Wg) was subjected to gel electrophoresis and transfer under the same conditions. The blot was probed with a⁄nity-puri¢ed anti-
peptide2 antiserum (anti-polycystin-1) at a concentration of 1/100 [11].
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protein corresponded to a more C-terminal region of
the polycystin-1 protein, completely distinct from the
region incorporating the C-type lectin domain. Anti-
peptide 2 serum was unable to detect GST-PKDlec
by Western blotting (data not shown).
3.3. GST-PKDlec interacts with carbohydrate
matrices
Interactions between GST-PKDlec and unsubsti-
tuted Sepharose 4B which contains repeating units
of K-D-galactose-(1^4)-3,6-anhydro-K-L-galactose,
and Sephadex G25 which comprises an K-D-glucose
(1^6) backbone with occasional (1^3) and (1^4) K-D-
glucose branches, were analysed by varying the bu¡-
er constituents and the concentrations of soluble car-
bohydrates. A typical result for Sephadex G25 is
shown in Fig. 3. GST-PKDlec was seen to bind the
matrix (Fig. 3A). There was a complete absence of
GST-PKDlec in the column eluates (Fig. 3A, lanes
1^4). All of the fusion protein remained associated
with the matrix, and was only removed by boiling in
SDS^PAGE reducing sample bu¡er (Fig. 3A, lane 5).
GST-pep2 (Fig. 3B) or free GST (Fig. 3C) on the
other hand were unretained by the matrix, predom-
inantly appearing in the ¢rst eluted fraction. The
nature of the experimental set-up is such that the
appearance of small amounts of both control pro-
teins in the second eluted fraction is still indicative
of material that has not bound or is not retarded by
the matrix. Similar behaviour was observed when
GST-PKDlec was applied to columns of Sepharose
4B (data not shown). The presence of 1.5 M mono-
or disaccharide (2-deoxy-D-glucose, maltose, D-galac-
tose or CH3-K-D-mannopyranoside) in the bu¡er for
the column wash stages did not alter the interaction
between GST-PKDlec and unsubstituted Sephadex
or Sepharose (data not shown).
Incubation of GST-PKDlec with 0.5 M 2-deoxy-D-
glucose, 2-deoxy-D-galactose, CH3-K-D-mannopyra-
Fig. 3. A⁄nity chromatography of GST-PKDlec with unsubstituted Sephadex G25. (A) GST-lectin (25 Wl, 8 Wg) was mixed with an
equal volume of 0.125 M NaCl, 25 mM Tris^HCl (pH 7.8) containing 25 mM CaCl2 (binding bu¡er) and applied to unsubstituted Se-
phadex G25 (50 Wl bed volume). Fractions (150 Wl) were collected after elution with binding bu¡er (lanes 1^4). Following precipitation
and collection of material associated with the matrix by boiling in reducing sample bu¡er, samples were analysed by SDS^PAGE
(12.5% homogeneous gels) and Western blotting with anti-GST IgG (1/2000). Bound protein was visualised using ECL according to
the manufacturer’s instructions. Lanes 1^4, column eluates; lane 5, bound material. (B,C) As for A, using an equivalent amount of
GST-pep2 (B) or free GST (C) for control purposes. SeeBlue pre-stained standards were used for comparison (not shown).
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noside or dextran T-40 prior to loading on either of
these carbohydrate matrices had varying e¡ects on
GST-PKDlec/polysaccharide interactions. GST-
PKDlec was completely retained by Sephadex fol-
lowing pre-incubation of the fusion protein with 0.5
M CH3-K-mannopyranoside, leading to a column
elution pro¢le identical to that seen in Fig. 4A, where
no competing carbohydrate was present. When GST-
PKDlec was incubated with 0.5 M 2-deoxy-D-glucose
prior to a⁄nity chromatography an appreciable
amount of protein was seen to pass straight through
the column (Fig. 4B, lane 2). However, most of the
protein remained associated with the matrix (Fig. 4B,
lane 5). Following pre-incubation of GST-PKDlec
with 0.5 M 2-deoxy-D-galactose (Fig. 4C), a similar
pro¢le was observed, but a higher proportion of the
protein passed straight through the column than with
2-deoxy-D-glucose (Fig. 4C, lane 2). Increasing the
concentration of the competing monosaccharides to
1.5 M did not increase their e¡ectiveness as compet-
itive inhibitors of the lectin/polysaccharide matrix
interaction (data not shown). It was observed that
pre-incubation of GST-PKDlec with 0.5 M dextran
T-40 had the greatest e¡ect on fusion-protein/poly-
saccharide matrix interactions (Fig. 4D). Here, most
of GST-PKDlec appeared in the ¢rst two fractions,
although a proportion was still retained by the ma-
trix. Taken together, these observations would sug-
gest that there is a high a⁄nity of GST-PKDlec for
these polysaccharide matrices, and that soluble poly-
saccharides may be more successful competitive in-
hibitors of the lectin/polysaccharide matrix interac-
tions than simple sugars, even when the latter are
present at higher concentrations.
3.4. GST-PKDlec requires Ca2+ to bind carbohydrate
A de¢ning characteristic of C-type lectins is their
ability to bind carbohydrate in the presence of Ca2.
GST-PKDlec bound unsubstituted Sephadex G25
Fig. 4. A⁄nity chromatography of GST-PKDlec with unsubstituted Sephadex G25 in the presence of di¡erent sugars. The experiment
was carried out as described in the legend to Fig. 3 but prior to column application GST-PKDlec was mixed with binding bu¡er con-
taining 0.5 M carbohydrate. Subsequent column washes were also carried out using binding bu¡er containing carbohydrate. (A) Con-
trol where no carbohydrate is present; (B^D) GST-PKDlec plus 0.5 M 2-deoxy-D-glucose (2-deoxy-D-glc), 2-deoxy-D-galactose (2-de-
oxy-D-gal) and dextran T-40, respectively.
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under conditions where 25 mM CaCl2 was included
in the binding bu¡er. Lowering the concentration of
CaCl2 to 7 mM did not alter retention of GST-
PKDlec by the column and all of it remained asso-
ciated with the matrix (Fig. 5A). When the concen-
tration of CaCl2 was reduced to 1 mM an appreci-
able amount of GST-PKDlec passed straight
through the column, and was visible in the ¢rst
two column wash fractions (Fig. 5B, lanes 1 and
2). Carrying out the experiment in the absence of
CaCl2 led to a further increase in the amount of
GST-PKDlec that appeared in the ¢rst two column
fractions (Fig. 5C, lanes 1 and 2), although a small
amount of the fusion protein remained associated
with the matrix (Fig. 5C, lane 5).
When GST-PKDlec was allowed to bind to Sepha-
dex and subsequent wash steps were performed
with a bu¡er containing 50 mM EDTA (and no
CaCl2), the elution pro¢le obtained closely resembled
Fig. 5C (data not shown). This was also the case
when GST-PKDlec was pre-incubated with binding
bu¡er containing 50 mM EDTA in addition to 25
mM CaCl2, with this bu¡er also used for all subse-
quent steps. EDTA was therefore able to reverse the
binding of most of the GST-PKDlec to Sephadex,
con¢rming that Ca2 is necessary for such interac-
tions.
3.5. GST-PKDlec binds selected extracellular matrix
proteins in vitro
Because GST-PKDlec bound tightly to polymers
containing glucose or galactose this suggested specif-
icity for glucosyl and galactosyl groups, which are
present in the collagen family. Collagens carry cova-
lently linked L-galactosyl groups and the disacchar-
ide glucosyl-galactose, which has an unusual K1C2-
O-glucosidic linkage [24]. About 50 of these glyco-
sides are covalently linked to hydroxylysine residues
in the triple helical domain of type IV collagen [25].
In addition, there is known to be a close association
between epithelial cells (which express polycystin-1)
and basement membranes of which type IV collagen
is an important structural component. Another ubiq-
uitous basement membrane component is laminin,
which is thought to contain 12 to 15% carbohydrate.
These are thought to be exclusively N-linked oligo-
saccharides, many of which terminate in K- or L-gal-
actosyl groups [26]. Laminin has also been shown to
e¡ect the behaviour of polycystic tubular epithelial
cells in vitro [16,27].
A modi¢ed ELISA-based approach revealed that
GST-PKDlec was shown to bind type I collagen,
type IV collagen, type II collagen and the N3 laminin
fragment in vitro (Fig. 6). The signal generated was
Fig. 5. E¡ect of altering Ca2 concentration on the interaction between GST-PKDlec and Sephadex G25. (A) GST-lectin (25 Wl, 8 Wg)
was mixed with an equal volume of 0.125 M NaCl, 25 mM Tris^HCl (pH 7.8) containing 7 mM CaCl2 and applied to unsubstituted
Sephadex G25 (50 Wl bed volume). Column fractions were collected and analysed as described in the legend to Fig. 3. (B,C) As for A,
but using bu¡er containing 1 mM CaCl2 and no CaCl2, respectively. Further details can be found in the legend to Fig. 3.
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dependent upon both the amount of GST-PKDlec
that was incubated with the substrate (Fig. 6A^D),
and the amount of substrate bound to the micro-titre
plate (data not shown). GST alone did not bind
under these conditions (data not shown) and the lev-
el of interaction between GST-pep2 (400 ng well31)
and type IV collagen (20 Wg ml31) was less than 10%
of the level observed between equivalent concentra-
tions of GST-PKDlec and type IV collagen (Fig. 6E).
GST-PKDlec did not bind an unrelated protein, hu-
man serum albumin, which was used as a blocking
reagent in these experiments. All experiments were
conducted over the collagen concentration range of
0.02^20 Wg ml31, and GST-PKDlec concentrations
of 62.5^500 ng well31.
The signal generated from the interaction between
GST-PKDlec (400 ng well31) and type I collagen (20
Wg ml31) was slightly higher than that obtained with
an equivalent amount of type IV collagen. Under
these conditions both type I and type IV collagens
bound more GST-PKDlec than type II collagen (Fig.
6E).
The signal generated by ELISA when the interac-
tion between GST-PKDlec and type IV collagen was
examined more closely was a¡ected to varying de-
grees by the presence of di¡erent sugars in solution
(Fig. 7A). This experiment was carried out three
Fig. 6. The interaction between GST-PKDlec and selected extracellular matrix proteins. The e¡ect of varying the amount of GST-
PKDlec on the level of binding to micro-titre plates coated with di¡erent extracellular matrix proteins was examined. (A) GST-
PKDlec (500^62.5 ng well31) was incubated with type I collagen, previously adsorbed onto a micro-titre plate at a ¢xed concentration
of 20 Wg ml31. Bound material was detected with goat anti-GST IgG (1/2000) followed by anti-goat IgG HRP conjugate (1/2000) and
ABTS. (B^D) As for A, but using plates coated with 20 Wg ml31 of type IV collagen, type II collagen and the N3 laminin fragment,
respectively. (E) Assessment of the relative level of interaction between GST-PKDlec (500 ng well31) with the three di¡erent types of
collagen. Also shown is a comparison of the level of interaction between GST-PKDlec (500 ng well31) or an unrelated similar-sized
polycystin-1 GST-fusion protein, GST-pep2 (500 ng well31) with type IV collagen. All experiments were repeated three times. Repre-
sentative results are shown and error bars represent the standard deviation of samples within a particular experiment (n = 5).
6
C
Fig. 7. The e¡ect of (A) the presence carbohydrate in solution
on the interaction of GST-PKDlec with type IV collagen and
(B) calcium on GST-PKDlec interactions with selected matrix
proteins. (A) GST-PKDlec (400 ng well31), previously diluted
with bu¡er containing 100 mM carbohydrate was incubated
with type IV collagen (20 Wg ml31). The relative e¡ect of each
carbohydrate compared to control wells where no carbohydrate
was present is shown. (B) GST-PKDlec (400 ng well31) was in-
cubated with either whole type I, II, or IV collagen or N3 lami-
nin fragments (20 Wg ml31) in the presence or absence of 25
mM CaCl2. The control value represents the level of binding of
GST-PKDlec to each substrate in the presence of CaCl2
(100%). All experiments were repeated three times. Representa-
tive results are shown and error bars represent the standard de-
viation of samples within a particular experiment (n = 5).
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times and the e¡ect of the monosaccharides and dex-
tran T-40 on the GST-PKDlec/type IV collagen in-
teraction was similar each time.
When GST-PKDlec and type IV collagen were
present at ¢xed concentrations of 400 ng well31
and 20 Wg ml31, respectively, the presence of 0.1 M
CH3-K-mannopyranoside had no e¡ect on GST-
PKDlec/collagen interactions. However, the presence
of 0.1 M 2-deoxy-D-glucose or dextran T-40 brought
about approximately 70% and 80% decreases in the
signal observed by ELISA, implicating the collagen
carbohydrates as being involved in GST-PKDlec/col-
lagen interactions.
3.6. GST-PKDlec binding to selected matrix proteins
in vitro is partially dependent upon Ca2+
The level of interaction between GST-PKDlec and
all four matrix proteins was carried out in the ab-
sence of the 25 mM CaCl2 which was routinely in-
cluded in all bu¡ers. The results are shown in Fig.
7B. Omission of the calcium from the experimental
system brought about a greater than 50% reduction
in the level of interaction for all three types of colla-
gen examined. However, the reduction in signal ob-
served when GST-PKDlec was allowed to interact
with the N3 laminin fragments in the absence of
calcium was substantially lower, only reaching ap-
proximately 20%.
4. Discussion
To investigate the role of polycystin-1 in vitro, a
fusion protein was generated which encompassed a
single structural motif present in the extracellular
portion of the protein. To the best of our knowledge
this is one of the ¢rst studies where a polycystin-1
extracellular motif has been expressed as a fusion
protein in order to investigate its activity in vitro.
The C-type lectin domain (residues 403^532) was
chosen for two reasons. Firstly, polycystin-1 is pre-
dicted to contain only a single copy of this motif,
which is conserved in the equivalent mouse and
Fugu gene products [28]. Secondly, similar domains
in other proteins are known to possess well-charac-
terised biological functions in vivo, and numerous
studies have been conducted where isolated C-type
lectin domains from other proteins have been ex-
pressed in an active form in vitro [29^31].
The results of a sequence alignment revealed that
the polycystin-1 C-type lectin domain did not possess
the characteristic residues at the carbohydrate-bind-
ing site normally associated with a⁄nity for either
galactose-type or mannose-type sugars. Experimental
results indicated that GST-PKDlec has speci¢city for
sugars possessing axial or equatorial groups at the 4-
OH position, which is unusual when the character-
istics of other C-type lectin CRDs is taken into ac-
count [13]. In our preliminary experiments to test the
speci¢city of GST-PKDlec binding we used columns
of asialofetuin and ovomucoid glycopeptide GP-V
coupled to Sepharose. Both matrices bound the lectin
fusion protein strongly, as did unsubstituted Sephar-
ose used as a control. When Sephadex was used as
an alternative support, GST-PKDlec was found to
bind strongly to this as well. The dextran T-40 poly-
saccharide competed most e¡ectively with binding of
GST-PKDlec to both matrices, since when present at
0.5 M it prevented most of GST-PKDlec from asso-
ciating with the insoluble carbohydrate polymer.
Dextran was also seen to partially inhibit GST-
PKDlec/carbohydrate polymer interactions when
present at a concentration of 100 mM (data not
shown). Experiments by Halberg and colleagues
[31] revealed that appreciable disruption of C-type
lectin recombinant protein/immobilised monosaccha-
ride interactions was brought about by the addition
of competing monosaccharides at concentrations of
100 mM. While these concentrations were generally
lower than those employed by us, this could re£ect
relative di¡erences in the a⁄nity of C-type lectins for
monosaccharides and oligosaccharides. In these ex-
periments [31] free monosaccharides were used to
compete with monosaccharides immobilised on the
solid support whereas in our case monosaccharides
were competing with polymeric carbohydrate matri-
ces which appear to bind GST-PKDlec strongly.
It is known that many lectins bind polysaccharides
with much higher a⁄nities than monosaccharides,
and that this is often due to the existence of extended
binding sites where more than just terminal residues
of an oligosaccharide make contact with the surface
of the lectin [32]. Such extended binding sites have
been demonstrated to exist when a Man6 oligosac-
charide binds MBP A [33]. This may explain why
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monosaccharides, even when present at high concen-
trations (1.5 M), were unable to compete e¡ectively
with the more complex matrix structures for GST-
PKDlec binding, and why dextran appeared to be a
more successful competitive inhibitor of the interac-
tion. In addition to an extended binding site an oli-
gosaccharide may bind to a second site, which is
distinct from Ca2 site number 2, as is the case
with MBP C. Based on these observations it has
been suggested that a second site in certain C-type
lectins could only possess signi¢cant a⁄nity for li-
gands larger than a monosaccharide, thereby ex-
plaining why monosaccharides themselves may bind
only with low apparent a⁄nities [33].
On the basis of sequence comparisons the lectin
domain of polycystin-1 was expected to require
Ca2 for carbohydrate binding. We have now shown
that the presence of Ca2 is indeed a requirement for
optimal GST-PKDlec/polysaccharide interactions.
Removal of Ca2 from the bu¡er resulted in an ap-
preciable amount of GST-PKDlec passing straight
through the column. The proportion of GST-PKDlec
that was associated with the matrix even in the ab-
sence of any added Ca2 was comparable to the
amount that remained bound after incubation of
GST-PKDlec with 0.5 M dextran. It is not known
whether this represents a distinct population of lectin
molecules that possesses slightly di¡erent biochemi-
cal characteristics to the remainder. It is more likely,
however, that conditions for removing Ca2 bound
to the lectin were insu⁄ciently rigorous and that the
competing sugars are not wholly e¡ective as inhibi-
tors.
Although PKD-GSTlec was soluble and displayed
binding characteristics consistent with the C-type lec-
tin domain fold, the possibility exists that the GST-
fusion partner in£uenced the fold structure and
therefore binding activity of the polycystin-1 C-type
lectin domain. The presence of GST in fusion pro-
teins does not often compromise the functional ac-
tivity of the foreign polypeptide [34] but nevertheless
it would be desirable to show that Ca2-dependent
binding to sugars still occurred with the isolated poly-
cystin-1 C-type lectin domain, following enzymatic
cleavage to remove the GST-carrier.
Immuno£uorescent staining for polycystin-1 in
normal whole tissue sections has been localised to
the plasma membrane of some embryonic tubules,
and to the basal surface of the ureteric bud [7]. It
has been suggested that this staining pattern is rem-
iniscent of the pattern of extracellular matrix pro-
teins [35]. This is interesting in the context of the
present study, which demonstrated that GST-
PKDlec was able to bind type IV collagen and a
fragment of laminin, the two major proteins present
in basement membranes. Experiments also demon-
strated GST-PKDlec binding to two other members
of the collagen family, namely the ¢brillar type I and
II collagens. The level of binding was dependent
upon the amount of extracellular matrix protein
and GST-PKDlec present. The reduction in the sig-
nal was more sensitive to alterations in the concen-
tration of GST-PKDlec than immobilised matrix
protein.
The level of interaction between GST-PKDlec and
type IV collagen was also greatly reduced in the pres-
ence of 2-deoxy-D-glucose and dextran T-40, impli-
cating the collagen carbohydrate side-chains in the
interaction. Di¡erences were found in the e¡ective-
ness of 2-deoxy-D-glucose as an inhibitor of GST-
PKDlec/type IV collagen interactions when com-
pared to GST-PKDlec/polysaccharide interactions.
This may be due to fact that the spacing of the sugar
groups along the collagen backbone does not enable
the GST-PKDlec to make use of extended binding
sites, which are often important for the increased
a⁄nity of lectin/polysaccharide interactions.
The removal of calcium from the system brought
about greater than 50% decreases in the amount of
GST-PKDlec that bound matrix protein for the col-
lagen family members, and 20% for the N3 laminin
fragment. This indicates that there is certainly a de-
gree of calcium-dependency in binding, although the
results raise the possibility that the lectin-laminin as-
sociation may be mediated by other means.
Type IV collagen is a major component of base-
ment membranes, which coat the outer surface of
individuals nephrons [36], while type I collagen is
known to be present in high concentrations in the
metanephric blastemal mesenchyme in the develop-
ing kidney [37]. An association between the C-type
lectin CRD of polycystin-1, which is thought to be
involved in cell^cell and/or cell^matrix interactions,
and the carbohydrate moieties of types I or IV col-
lagen could therefore be important for cell^matrix
stability and/or cell^matrix signalling, possibly dur-
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ing development. It is of interest that the expression
of both types I and IV collagen are altered in
ADPKD [38^40]. The disruption of any interaction
between collagen and polycystin-1 may lead to some
of the pathogenic events seen in the disorder. Nota-
bly, the polarity of epithelial cells is disturbed in
ADPKD [41] and altered interaction between epithe-
lial cells and the basement membrane mediated by
polycystin-1 might be a contributory factor. Separate
studies have previously shown that polycystic cells
from both C57Bl/6Jcpk mice and humans have in-
creased adhesion to collagens in culture, both
thought to be via an integrin-mediated mechanism
[42,43]. The co-localisation of polycystin-1 with
K2L1-integrin in focal clusters in renal tubule epithe-
lia observed by Wilson et al. [43] led to the sugges-
tion that polycystin-1 may actively participate in
K2L1-mediated signal transduction. Along with
K1L1-integrin, K2L1-integrin interacts with members
of the collagen family, including type I collagen, and
is able to speci¢cally mediate adhesion of cells to
type IV collagen [44].
In separate studies, polycystin-1 has also been
shown to co-localise with E-cadherin and K-, L-
and Q-catenin [45] and desmosomes [46], and to local-
ise to sites of cell^cell contacts, the latter thought to
be mediated by strong homophilic interactions of the
PKD1 Ig-repeats [47]. These observations, coupled
with those which support an involvement of polycys-
tin-1 in cell^matrix interactions, would suggest that
the molecule might exist in two distinct membrane
locations within the cell. Indeed, recent evidence has
been presented which shows this to be the case, with
the distribution of polycystin-1 being regulated ac-
cording to whether cell^matrix or cell^cell interac-
tions predominate in normal human foetal collecting
tubule epithelial cells in vitro [48]. It will be a matter
of considerable interest to determine whether binding
of polycystin-1 to extracellular components such as
types I or IV collagen has a role in signal transduc-
tion and whether the C-type lectin domain is impor-
tant for any of these processes.
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